INTRODUCTION
============

Small regulatory RNAs are gaining attention for their important roles in spatially or temporally fine tuning target gene expression. Among the small regulatory RNAs, the miRNA family is the most extensively studied and their biogenesis and mechanisms of down-regulating gene expression represent some of the most exciting and fascinating areas in molecular biology ([@B1],[@B2]).

Canonical miRNAs are generated from intronic or exonic capped, polyadenylated RNA polymerase II transcripts, termed primary miRNAs (pri-miRNA) ([@B3; @B4; @B5]). The primary transcripts are processed to ∼55--80 nt long precursors, partial hairpin-like duplexes termed pre-miRNAs, by the ribonuclease (RNase) III enzyme Drosha that partners with the RNA-binding protein DGCR8 (DiGeorge Critical Region 8) ([@B4],[@B6]). Alternatively, there is a small percentage of pre-miRNAs that are generated by the action of the pre-mRNA splicing/de-branching machinery, termed the 'miRtron pathway' ([@B7; @B8; @B9]). In both pathways, pre-miRNAs are exported to the cytoplasm by the exportin-5/RAN-GTP complex ([@B10]). In the cytoplasm, the pre-miRNAs are processed once again into an miRNA/miRNA\* duplex by the RNase III enzyme Dicer that partners with the RNA-binding protein TRBP (TAR RNA-binding protein) ([@B11],[@B12]). Usually one of the two strands in the miRNA/miRNA\* duplex is then incorporated into the RNA induced silencing complex (RISC), where the incorporated strand works as the guide for miRISC function. MicroRNAs in RISC bind to\\ the 3′UTRs of transcripts harboring complementary 'seed' targets, ultimately resulting in translational repression ([@B1],[@B13]) or in some cases degradation of the targeted mRNA in RNA processing bodies (P-bodies) ([@B14],[@B15]).

In contrast to most plant miRNAs, which share near-perfect complementarity to their targeted sequences, most animal miRNAs usually form imperfect Watson--Crick base pairing with the target sequences. However, complete complementarity of six to seven nucleotides at the 5′-end of the miRNAs including nucleotides 2--7, the so-called 'seed sequence' has been shown to be crucial for miRNA function ([@B16],[@B17]). For those binding sites with imperfect seed sequences, a strong 3′ base pairing could compensate for weak seed pairing to create more efficient miRNA-mediated target gene inhibition ([@B16]). On the basis of miRNA seed match hypothesis, it is estimated that, on average, an individual miRNA can target upwards of 200 transcripts ([@B16],[@B17]). A recent prediction based on the targets of conserved vertebrate mammalian miRNAs predicts that the average number of targets per miRNA will exceed 300 ([@B18]). There are about 885 cloned or computer-predicted mature human miRNA sequences in the current human miRBase 13.0 ([@B19]), and it is estimated there may be as many as 1000 human miRNAs. Thus, 30% or more of the human transcriptome is potentially regulated by miRNAs ([@B16],[@B17]). Conserved sequence motifs in mammalian 3′UTRs correlate well with miRNA target sites and it appears that 3′UTRs are under selective pressure to maintain miRNA interactions ([@B18],[@B20]).

Since mammalian miRNAs interact with their targets by partial base pairing complementarity, the identification of miRNA targets has been a difficult undertaking. Given the high prevalence of six to seven nucleotide complementary sequences in the genome, identification of true targets for any given miRNA is a difficult task. Among the many factors that could affect translational repression mediated by miRISC are the sequence contexts of target sites, which can influence miRNA/mRNA-binding energies and Waston--Crick base pairing, the influence of flanking sequences on the accessibility of a target site, the occurrence of multiple target sites that provide additive or synergistic repression, and the relative position of the target sites within the 3′UTR ([@B17],[@B21]). One intriguing problem is that not all seed matches in a given 3′ UTR of a validated target are effectively targeted \[e.g. let-7 target sites in RAS ([@B22]), miR-150 target sites in Myb ([@B23])\]. Many additional unknown factors might exist that could affect miRNA targeting beside those aforementioned. It has been proposed that RNA-binding proteins (RBP) may play a role in translational repression. For example, puf-9 is required for let-7 repression of hbl-1 in *C. elegans*, Dnd1 counteracts the function of several miRNAs by binding to uridine-rich regions present in targeted mRNAs and prevents the loading of miRISC ([@B24]), HuR releases miR-122-mediated translational repression of the CAT-1 gene transcript ([@B25]), the poly(A)-binding protein (PABP) interacts directly with the P-body component GW182 for miRNA-mediated deadenylation of target messages ([@B26]), and the fragile X mental retardation-related protein 1 (FXR1) provocatively forms a miR-369-3p mediated translation activation complex with Ago2 when cells are in a translationally quiescent state ([@B27]). *In silico* studies have shown that the local structure around the target site plays a role in the efficiency of miRNA-mediated repression ([@B28],[@B29]). Studies of the lsy-6 target COG-1 in *C. elegans* revealed that two sequence context features 3′ of the lsy-6-binding sites in the COG-1 3′ UTR are required for lsy-6 function and they need to be present in a specific configuration relative to the lys-6 targeting sites ([@B30],[@B31]). Such contextual features could either represent RNA-binding protein (RBP)-binding sites or provide an appropriate structural configuration to favor or prevent RISC access. RBPs usually bind to specific sequence motifs. *In silico* studies have revealed that there are many types of regulatory RNA motifs in 3′UTRs ([@B32]). These sequences often overall with or include binding sites for HuR, TIA-1, and consist of AU rich elements (ARE) and GU rich elements (GRE). A significant portion of these have the core ARE sequences AUUUA and UAUUUAU ([@B33]). It is therefore of interest to determine whether or not specific sequence motifs in a given 3′UTR influence miRNA functional repression of that message. In the present study, we validate RhoB as a miR-223 target. We find that there are two miR-223 seed matches in this 3′UTR and they contribute differently to the total repression of RhoB translation by miR-223. We have analyzed the contributions of flanking sequences that may be responsible for these differences and our results reveal that some putative RBP motifs in the 3′UTR outside of the target site can influence the functionality of miRNAs. Our data support a model in which AU rich elements in 3′UTRs may be required for efficient miRNA mediated post-transcriptional regulation as previously predicted ([@B34]).

MATERIALS AND METHODS
=====================

Cell culture and transfection
-----------------------------

HEK293, Hela, and CEM cells were purchased from ATCC. 293 and Hela cells were maintained in high glucose (4.5 g/l) DMEM supplemented with 2 mM glutamine, 10% FBS and 2 mM penicillin/streptomycin. CEM cells were grown in RPMI1640 supplemented with 2 mM glutamine, 10% FBS and 2 mM penicillin/streptomycin.

Transfections of 293 and Hela cells were performed with Lipofectamine 2000 (Invitrogen) in 24 well plate formats when cells were at about 80% confluency. Each well was transfected with a plasmid-Lipofectamine 2000 complex mixture of 10 ng psiCheck2.2-based reporter plasmids and 100 ng fU1-miR based pri-miRNA expression vectors. Forty eight hours post transfection, the cells were lysed with 100 μl Passive Lysis Buffer (Promega) and Luciferase levels were analyzed from 20 μl lysate using the Dual Luciferase reporter assay (50 μl of each substrate reagents, Promega) on a Veritas Microplate Luminometer (Turner Biosystems). Transfection results were obtained by averaging the results from at least three individual transfections with two replicates of each measurement. Transfections of CEM cells were performed with a nucleofection system (Amaxa) by following the protocol provided for CEM cells.

Primary miRNA expression
------------------------

The primary miRNA expression system and miRNA target reporter assays have been previously described ([@B35],[@B36]). The pri-miRNA expression vector, fU1-miR, was constructed by cloning the U1 promoter and the U1 termination sequence in the MCS of Bluescript SK. Pri-miRNA was cloned by PCR from HEK293 cell genomic DNA, then inserted between the U1 promoter and U1 terminator in fU1-miR. An amplified pri-miRNA fragment covers at least 100 bases of flanking sequence on both ends of the stem-loop miRNA reported in miRBase. Expression of functional mature miRNAs was tested using two methods. One is the knockdown of Renilla luciferase (Rluc) in a psiCheck2.2 reporter bearing a fully complementary miRNA target sequence in the Rluc 3′UTR. The other is a northern blot to detect the processed mature miRNAs by transfection of the fU1-miR expressed pri-miRNAs in cultured cells.

Dual luciferase reporter assays
-------------------------------

Details of the dual luciferase reporter system have been previously reported ([@B36]). Reporters harboring the RhoB 3′UTR or NF-1A 3′UTR were constructed by inserting annealed synthetic oligo target sequences or the PCR amplified 3′UTR fragments into the *Xho*I/*Not*I sites of the 3′UTR of Rluc in the psiCheck2.2 dual reporter vector (Promega). For the GCR1 and GCR2 based reporters, annealed oligos were first cloned into the Xho I/Spe I sites of psiCheck2.2 to create GCR1- and GCR2- based reporters without TS1, TS2 or NF1A. The correct constructs were then inserted into Sal I/Not I sites along with one of the mir-223 target sites in RhoB (TS1, TS2), or the miR-223 target site in NF-1A (NF1A), to create reporters with GC-rich or AU-rich Rluc 3′UTRs harboring miR-223 target sites

Firefly luciferase (Fluc) expressed from the same vector serves as an internal normalization control. Binding of miRISC to the target site in Rluc's mRNA 3′UTR results in a concomitant reduction of translated Rluc protein, which can be detected by a luminescence based assay system. The ratio of Rluc/Fluc was used to measure the repression efficiency. The empty pri-miRNA expression vector fU1-miR was used as negative control.

Mutagenesis of miRNA target sites
---------------------------------

Point mutations were introduced with the QuikChange site-directed mutagenesis kit II (Stratagene) by following the protocol provided in the kit. Mutations were confirmed by sequencing.

Immunobloting
-------------

For western blot analyses of RhoB, cells in six-well plates were washed with 2 mL PBS and lysed in 0.2 mL M-PER® Mammalian protein extraction reagent (Pierce, \#78501). After microcentrifugation at top speed for 10 min, the supernatants were collected and a cocktail of protease inhibitors (Roche) was added. The protein concentration was quantified by the Bradford method (Bio-Rad, Protein assay dye). Twenty micrograms of total protein extract were electrophoresed in a 15% SDS--PAGE gel at 60 V for 3 h, and electro-blotted to a Hybond™-P PVDF transfer membrane (GE healthcare) for 90 min at 80 V or semi-dry electro-blotted for 30 min at 15 V. The membrane was blocked in 5% dry milk in TBS-T (0.05% Tween) for over 1 h at 4°C, and probed with a primary rabbit anti-RhoB antibody (Santa Cruz Biotechnology, Inc.) overnight at 4°C, followed by one hour incubation with AP-conjugated secondary anti-rabbit Abs (Santa Cruz Biotechnology). Expression was visualized using standard AP detection chemistry (ECL western blotting substrate, Pierce).

RNA isolation and northern blotting
-----------------------------------

RNA isolation and northern blotting were carried out as previously reported ([@B37]). Briefly, RNA was isolated with RNA STAT-60 (Tel-Test Inc.) and 20 µg of total RNA were loaded in a denaturing 12.5% SDS--PAGE gel. A DNA oligonucleotide probe complementary to the sequence of the miRNA was labeled with γ-^32^P-ATP. The hybridization was performed overnight in PerfectHyb™ Plus Hybridization Buffer from Sigma at 37°C.

RESULTS
=======

RhoB was predicated as an miR-223 target by miRanda with two miR-223-binding sites in the RhoB 3′UTR ([Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}a) ([@B38]). In order to validate RhoB as a true miR-223 target, we used reporter assays to validate the miR-223/RhoB 3′UTR interactions at the two target sites. These two target sites exhibited distinct differences in their susceptibility to miR-223 mediated repression. Figure 1.RhoB 3′UTR sequence features and reporter constructs. (**a**) Human RhoB 3′UTR. Sequence of the two miR-223 target sites are in blue and underlined. AUUUA, UUUUUAU and UAUUUUU motifs are highlighted in pink. (**b**) Diagram shows miRanda and TargetScan predicted human miRNA target sites in the human RhoB 3′UTR. AU-rich motifs are also indicated. RhoB 3′UTR fragments that were cloned into the 3′UTR of Rluc in the psiCheck2.2 reporter for reporter assays are mapped with respect to their relative positions in the FL RhoB 3′UTR. Figure 2.RhoB is a miR-223 target and the two target sites contribute differentially to the total repression of RhoB translation. (**a**) miRnada predicted MiR-223 target sites in the 3′UTR of RhoB and NF-1A. (**b**) PITA calculated miR-223 target accessibility as measured by ΔΔG. TS1 has a slightly better accessibility than TS2. (**c**) Reporter assay of miR-223 inhibition of reporters carrying sequence fragments with miR-223 MREs. Rluc was fused with different fragments of the RhoB or NF-1A 3′UTR. The *Y*-axis represents relative expression of Rluc to Fluc when co-transfected with fU1-miR-223 and normalized to co-transfection with fU1-miR. Lane 1: MiR-223 target site one (TS1) short target sequence only; Lane 2: MiR-223 target site two (TS2) short target sequence only; Lane 3: FL RhoB 3′UTR (FL); Lane 4: First half of RhoB 3′UTR (D with TS1 only); Lane 5: Second half of RhoB 3′UTR (A) with TS2 only; Lane 6: FL with mutated TS1; Lane 7: FL with mutated TS2; Lane 8: FL with both TS1 and TS2 sites mutated; Lane 9: NF-1A 3′UTR. Each bar represents the average of at least three independent transfections with duplicate determinations for each construct. Error bars represent the standard deviation (SD). (**d**) Western blot result of RhoB expression in CEM cells when miR-223 function was blocked. CEM cells were transfected with a 2′-*O*-methyl anti-let-7 (lane 1), anti-miR-145 (lane 2), anti-miR-21 (lane 3), and anti-miR-223 (lane 4) oligo. Total cell extract were prepared 48 hours post transfection. The data show both anti-miR-223 and anti-miR-21 resulted in elevated RhoB protein levels while neither anti-let-7 nor anti-miR-145 antagomirs affected the RhoB protein level. Both miR-223 and miR-21 were predicted to target RhoB by miRanda and TargetScan ([Figure 1](#F1){ref-type="fig"}b, miR-223 TS2 is located near miR-21 TS). (**e**) Western blot result of RhoB expression in Hela cells in the presence of miR-223. Hela cells were transfected with the miR-223 expression cassette. A U1 promoter-driven shRNA S1 (targeting the HIV Tat/Rev exon) was used as control. '−' represents the absence of miR-223/S1 in the transfection. '+' represents the present of miR-223/S1. The number of '+'s represents the amount of miR-223/S1 in the transfection. Total cell extracts were prepared 48 hours post transfection.

RhoB is a *bona fide* miR-223 target
------------------------------------

The RhoB full-length (FL) 3′UTR was cloned into psiCheck2.2. The reporter with a FL RhoB 3′UTR ([Figure 1](#F1){ref-type="fig"}b) along with the miR-223 artificial expression vector, fU1-miR-223, were co-transfected into HEK293 cells (miR-223 expression is not detectable in HEK293 by northern blotting, data not shown). A 60% repression of the RhoB 3′UTR reporter was observed ([Figure 2](#F2){ref-type="fig"}c, lane 'FL'). Under the same experimental conditions, the reporter with the FL 3′UTR of NF-1A, a previously demonstrated miR-223 target ([@B39]), was repressed only 30% ([Figure 2](#F2){ref-type="fig"}c, lane 'NF-1A 3′UTR'). Mutated seed sequences in both target sites in the RhoB 3′UTR abolished the repression ([Figure 2](#F2){ref-type="fig"}c, lane 'FL-mTS1&TS2'). These results demonstrate that miR-223 mediated miRISC interacts with the RhoB 3′UTR and effectively represses translation of the RhoB 3′UTR associated transcripts. To further validate RhoB as a *bona fide* miR-223 target, loss and gain of miR-223 function experiments were performed. For the loss of function experiment, a 2′-*O*-methyl-anti-miR-223 antagomir was electroporated into CEM cells, which express relatively high levels of miR-223 and low levels of RhoB (Data not presented); Western blotting showed that endogenous RhoB expression was increased when miR-223 was inhibited ([Figure 2](#F2){ref-type="fig"}d). In the alternative approach of gain of function, ectopic expression of miR-223 was accomplished by transfecting fU1-miR-223 into Hela cells which express very low levels of endogenous miR-223 and high levels of RhoB protein (miR-223 expression in Hela cells is not detectable by northern blot analyses). The ectopic expression resulted in a dosage dependent reduction of endogenous RhoB protein in HeLa cells ([Figure 2](#F2){ref-type="fig"}e). These data provide further validation that RhoB is a miR-223 target.

The two target sites in RhoB 3′UTR do not contribute equally to the repression and are influenced by the sequence context beyond the local target sequence
----------------------------------------------------------------------------------------------------------------------------------------------------------

MiRanda predicted two miR-223 target sites in the RhoB 3′UTR ([@B38]). TargetScan offers the same prediction and lists site one (TS1) as non-conserved site and site two (TS2) as a conserved site ([@B40]) ([Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}a). Double mutations in the two target sites showed that the repression from miR-223 was virtually eliminated ([Figure 2](#F2){ref-type="fig"}c, lane 'mTS1&TS2'). One interesting observation is that the individually mutated TS2 site resulted in a greater loss of repression than did the mutated TS1 site ([Figure 2](#F2){ref-type="fig"}c, lane 'FL-mTS1' and 'FL-mTS2'), although TS1 was predicated to have potentially more bases pairing with miR-223 and a calculated higher binding energy ([Figure 2](#F2){ref-type="fig"}a). Conversely, when only the predicted short target sequences were cloned into psiCheck2.2 (TS1 versus TS2), miR-223 repressed the reporter with the TS1 site more effectively than the reporter with the TS2 site ([Figure 2](#F2){ref-type="fig"}c, lane 'TS1' versus lane 'TS2'). These data show that the two target sites, although both effective, function at different strengths in the RhoB 3′UTR. Thus, sequences outside of the target sites probably influence the effectiveness of miRNA translational repression.

Since accessibility has been reported to affect the efficacy of miRNAs, the accessibilities of both sites were analyzed by Sfold ([@B29]) and PITA ([@B28]). From these analyses, TS1 had a slightly better accessibility than TS2 (PITA-calculated accessibilities measured by ΔΔG are shown in [Figure 2](#F2){ref-type="fig"}b). Nevertheless, the narrow differences in accessibility cannot explain the large differences in the target repression. This conclusion is supported by data from flanking sequences (about 17 bases from both sides of TS1 or both sides of TS2) swapping experiments. First, TS1 or TS2 was cloned with the respective flanking sequences to make TS1-L and TS2-L reporters. Alternatively, TS1 was juxtaposed with TS2's flanking sequence to make TS1-L212 reporter, and TS2 was juxtaposed with TS1's flanking sequence to make TS2-L121 reporter ([Figure 3](#F3){ref-type="fig"}a). Reporter assays revealed that TS1-L212 expression was inhibited more than TS1-L reporter expression (about 28% versus 18% reduction in reporter activity), and that TS2-L121 expression was inhibited less than TS2-L expression (about 12% reduction versus 22% reduction) ([Figure 3](#F3){ref-type="fig"}b). None of the above constructs resulted in the 55% or 45 % Rluc reduction obtained with reporters harboring the FL RhoB 3′UTR or the 3′ half of the RhoB 3′UTR with the TS2 ([Figure 2](#F2){ref-type="fig"}c, lane 'FL' and, 'A'). Thus, the nearby flanking sequences of these two sites are only accountable for some of the differences in sensitivity to miR-223. Figure 3.Flanking sequence and 3′UTR context effects on miR-223 mediated inhibition. (**a**) Sequences used for reporter assay of flanking sequence effects. TS1 and TS2 represent miR-223 TS1 (in blue) and TS2 (in green) sequences cloned in psiCheck2.2, respectively. TS1-L and TS2-L represent miR-223 TS1 and TS2 with flanking sequences cloned inpsiCheck2.2, respectively. TS1-L212 represents the miR-223 TS1 sequence cloned in psiCheck2.2 with the TS2 flanking sequences (left in pink and right in cyan). TS2-L121 represents the miR-223 TS2 sequence cloned inpsiCheck2.2 with the TS1 flanking sequences (left in gray and right in red). (**b)** Reporter assay data showed the target and flanking sequences were not the major factors influencing the effectiveness of TS2. TS2 was actually worse than TS1 when used as short target sequences. Each bar represents the average of at least three independent transfections with duplicate determinations for each construct. Error bars represent the SD. (**c**) Reporter assays of 3′UTR sequence contexts outside of the miR-223 MREs and flanking sequences affecting miR-223 repression. The data show MREs fused with fragment H are more effective than fragment G. miR-223 target sequences in RhoB (TS1 and TS2) and NF-1A (NF1A) were cloned downstream of RhoB 3′UTR fragments G and H ([Figure 1](#F1){ref-type="fig"}b). The data also show that target sites located downstream of fragment H were more effective. Each bar represents the average of at least three independent transfections with duplicate determinations for each construct. Error bars represent the SD.

We therefore examined sequences beyond the local region and observed that TS1 was located in the middle of the 3′UTR while TS2 was located towards the 3′-end of the 3′UTR. So the differences in susceptibility to RNAi of these two sites could be due to the short distance between TS2 and the AAUAAA (HEX), making it closer to the poly A tail. The distance between the target site and HEX has been suggested as being an important factor that can influence miRNA target effectiveness ([@B21],[@B41]). The following experiments proved that this not to be the case for the miR223 sites in RhoB. To avoid a length bias, two pieces of the RhoB 3′UTR of almost the same length were separately cloned into the psiCheck2.2 vector. Fragment D was cloned as the first half of the 3′UTR that contains TS1 to make a reporter with TS1 close to the HEX, and fragment A was cloned as the second half of the 3′UTR that contains TS2 ([Figure 1](#F1){ref-type="fig"}b). Reporter assays in HEK-293 cells showed that the reporter with fragment A was repressed more effectively by miR-223 (close to the levels observed with the FL RhoB 3′UTR) than the reporter carrying the fragment D ([Figure 2](#F2){ref-type="fig"}c, lane A versus D).

Based on these data, we concluded that sequences beyond the immediate flanking region of the target site influence the effectiveness of miRNA function. We hypothesized that the sequence between TS1 and TS2 was responsible for differences in response to miR-223 interaction. To test this, the sequence upstream of TS1 and the sequence between TS1 and TS2 were separately cloned to make fragments G and H, respectively ([Figure 1](#F1){ref-type="fig"}b). Target sequences of TS1 and TS2 were cloned downstream of fragments G and H to make G-TS1, G-TS2 and H-TS1, H-TS2. We also cloned the miR-223 target site in the NF-1A 3′UTR downstream of G and H to make G-NF1A and H-NF1A, respectively. Reporter assays showed that when any of the target sites was located downstream of fragment G, the repression was reduced from ∼60 to 40% in comparison to when the target sites were localized downstream of fragment H ([Figure 3](#F3){ref-type="fig"}c). These data demonstrated that the sequence of fragment H enhances the repression and implies that the sequence in fragment H may increase the effectiveness of miR-223 mediated repression of RhoB expression through TS2. The mutation analyses of TS2 ([Figure 2](#F2){ref-type="fig"}c, lane FL-mTS1) also implies that the sequence context does not affect the repression efficiency of sites which are located upstream, as there was little effect on TS1 function. To further investigate this, the fragments of E and F that covered TS1 and its downstream sequence in fragment H were cloned into psiCheck2.2. The reporter assays showed that the sequence in the H fragment did not affect the target sites located before it, demonstrating a polarity of the enhancing effect ([Figures 1](#F1){ref-type="fig"}b and [4](#F4){ref-type="fig"}a). Figure 4.Reporter assays for sequence context features that affect miRNA function. (**a**) Reporter assays show polarity for the sequence context effects. Specific sequences affect downstream MRES, not upstream MREs. Compare the repression difference between TS1 with the upstream sequence (fragment D) and TS1 with the downstream sequence (fragments E and F). mTS2 represents the repression of target exptession from TS1 in reporters carrying the FL with a mutated TS2 site. Each bar represents the average of at least three independent transfections with duplicate determinations for each construct. Error bars represent the SD. (**b**) Reporter assays to study the effects of mutations in other conserved miRNA target sites in the RhoB 3′UTR. The influence of mutant miR-19, 183 or 23 targets is marginal when compared with the wild-type FL RhoB 3′UTR. The same conclusion can be drawn when comparing all mutants (m19, m183, m23, m30, m21, m19 and m23) in FL with mutated TS1. Each bar represents the average of at least three independent transfections with duplicate determinations for each construct. Error bars represent the SD. (**c**) Reporter assays determining miRNA target enhancer sequences. The data show that serial deletions in the RhoB 3′UTR reduce the inhibition of target expression as the UTR is progressively shortened. The FL UTR is required for efficient repression by miRISC. Each bar represents the average of at least three independent transfections with duplicate determinations for each construct. Error bars represent the SD. (**d**) Reporter assays for determining the effects of RhoB fragments on the function of non-miRNA 223targets. The data show that the H fragment has a similar effect on miR-1, miR-142-5p and miR-29b target sequences. Therefore, H's effect is independent of the miRNA target sequence. Each bar represents the average of at least three independent transfections with duplicate determinations for each construct. Error bars represent the SD.

TargetScan predicted several conserved miRNA target sites located in fragment H and near TS2 ([@B40]) ([Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkp870/DC1)). To rule out the possibility of a synergistic, coordinate effect from other miRNAs, mutations were made in the conserved miRNA-binding sites ([Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkp870/DC1)). Reporter assays showed that mutated miR-19a/b, miR-23a/b, miR-183, miR-30 and miR-21-binding sites had some affects on the strong repression mediated by TS2, but none of them affected inhibition by greater than 10%. We thus conclude that other miRNA interactions are not a major factor influencing the potency of TS2 ([Figure 4](#F4){ref-type="fig"}b).

In order to locate the specific sequence or region that may contribute to the potency, progressive deletions were performed on fragment H. The data from these experiments revealed that the longer the sequence before TS2, the better the TS2 function ([Figure 4](#F4){ref-type="fig"}c). Since the specific sequence could be a non-canonical miR-223 target sequence without a perfect seed sequence match, we tested fragment H's effect on other miRNAs to rule out that this effect is miR-223 specific. Artificially designed miRNA response elements (MRE) for miR-1, miR-142-5p and miR-29b were cloned downstream of fragments H and G. The MREs were designed so as not to base-pair at positions 11, 12, 13, and the last two nucleotides of the miRNA. The results obtained with these analyses show that fragment H has a similar effect on these three miRNAs ([Figure 4](#F4){ref-type="fig"}d). We conclude that the repression effect of the sequence context is not specific to miR-223.

The TTP-binding motif (ARE) and the CPEB-binding motif (CPE) are enhancer sequences for miRNA mediated target knockdown
-----------------------------------------------------------------------------------------------------------------------

Translational repression is a common mechanism to regulate protein expression. We hypothesized that translational repressors can function as enhancers for miRNA-mediated repression. Several translational repressors are listed in a recent review ([@B42]). Among those, CPEB (CPE-binding protein), TTP (Tristetraprolin) and eIF4E are also found in humans. Sequence comparisons of fragments H and G show that H is more AU-rich than G ([Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkp870/DC1)), with 63% AU in H versus 38% in G ([Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkp870/DC1)). Most of the TTP and CPEB-binding motifs ([@B43],[@B44]) are located in H ([Figure 5](#F5){ref-type="fig"}a). We next investigated whether the AU-rich sequence itself can enhance miRNA function. To investigate this question, we designed a variety of AU-rich sequences with different potential TTP and CPEB-binding motifs to test their effects on miRNA-mediated translational repression ([Figure 5](#F5){ref-type="fig"}b). We first designed two GCR (GC-rich) sequences GCR-1 and GCR-2. To test the effects of multiple MREs', we embedded a miR-223 seed sequence 'ACUGAC' in GCR-2. Next, we modified sequences in GCR-1 and GCR-2 to make them AU-rich and to contain three identical copies of the following motifs: ARE (AUUUA) for ARE-1 and ARE-2, ARE-ARE (AUUUAUUAUUUA) for ARE-ARE-1 and ARE-ARE-2, CPE (UUUUUAU) for CPE-1 and CPE-2, ARE-CPE (AUUUAUUUUUAU) for ARE-CPE-1 and ARE-CPE-2, cpARE (UAUUUAU) for cpARE-1 and cpARE-2, rCPE (UAUUUUU) for rCPE-1 and rCPE-2 ([Figure 5](#F5){ref-type="fig"}b). The second and third motifs were separated by the miR-223 seed sequence in all the '-2' reporters. Reporter assays were performed to monitor the repression mediated by miR-223 on these constructs. The results showed that negligible reporter knockdown from reporters without the miR-223 seed and about 10--20% repression of reporters with the embedded seed. Hence, we conclude that one seed sequence can lead to about 10--20% repression and ARE/CPE-containing sequences result in stronger repression ([Figure 5](#F5){ref-type="fig"}c). Since the inserted ARE/CPE motif could affect the stability of the reporters, the Rluc mRNA stability was calculated as the ratio of Rluc/Fluc in the control transfection with fU1-miR. Indeed, the ratio decreased by 70--80% from ARE to ARE-ARE ([Figure 5](#F5){ref-type="fig"}d). Interestingly, the repression in ARE-ARE reporters was similar to the ARE reporters, implying it is the motif, not the content of A/U, which contributes to the effectiveness of target sites harboring this motif. Similar results were obtained for both sets of constructs with 3′ fusions of one of the TS1, TS2 or NF1A sites ([Figure 5](#F5){ref-type="fig"}e and [f](#F5){ref-type="fig"}). These results also show that efficient repression is ARE motif specific, since both sets of ARE reporters performed better than cpARE, which has one 'U' added to both sides of an ARE. We therefore conclude that miRNAs more efficiently target 3′UTRs bearing ARE and CPE motifs. When we compared the three target sites, TS1 always performed better in ARE/CPE constructs than did TS2. This verified that the target sequence does matter and it also implies that the location of target sites within the 3′UTR is important for function. It can also be implied from these data that the first position pairing of the miRNA/target sequence A:U match ('U' is the first base at the 5′-end of miRNA and 'A' is its paired base in the target mRNA) in miRNAs/mRNA may not be an important factor in the miR-223 targets, since the first position for TS1 is U:U, but both TS2 and NF1A are A:U ([Figure 2](#F2){ref-type="fig"}a). Among the three target sites, NF1A has the highest binding energy in the miRNA/mRNA duplex, but NF1A performed poorly when compared with TS1 and barely matched TS2, which has the lowest binding energy. These results suggest that the binding energy of miRNA/mRNA duplexes is not always a reliable factor in target identification. Figure 5.AU-rich motif affects on miRNA targeting. (**a**) The distribution of AREs and CPEs in the RhoB 3′UTR. More AREs (AUUUA) or CPEs (UUUUUAU) are located in RhoB2 ([Figure 1](#F1){ref-type="fig"}a). There are six AREs/CPEs in fragment H while there is only one in fragment G. (**b**) GC-rich or AU-rich sequences designed for reporter assay. The '−2' reporters have one embedded miR-223 seed 'ACUGAC'. GCR-1 and GCR-2 are two GC rich sequences; ARE-1 and ARE-2 are AU-rich sequences with three identical 'AUUUA' motifs; ARE-ARE-1 and ARE-ARE-2 are AU-rich sequences with three identical 'AUUUAUUAUUUA' motifs; CPE-1 and CPE-2 are AU-rich sequences with three identical 'UUUUUAU' motifs; ARE-CPE-1 and ARE-CPE-2 are AU-rich sequences with three identical 'AUUUAUUUUUAU' motifs; cpARE-1 and cpARE-2 are AU-rich sequences with three identical 'UAUUUAU' motifs; rCPE-1 and rCPE-2 are AU-rich sequences with three identical 'UAUUUUU' motifs. (**c**) Target knockdown by miR-223 in GCR and AU-rich reporters without TS1, TS2 or NF1A. Each reporter was transfected with fU1-miR-223, the same reporter that was transfected with fU1-miR was used as control. There is little knockdown from miR-223 for all the GCR-1-derived reporters. There is ∼10% knockdown bymiR-223 for most of the GCR-2 derived reporters that carry ARE/CPE elements. Each bar represents the average of at least three independent transfections with duplicate determinations for each construct. Error bars represent the SD. (**d**) Rluc mRNA stability in GCR and AU-rich reporters without TS1, TS2 or NF1A. The stability was calculated as the ratio of Rluc/Fluc in reporters that was transfected with fU1-miR. Each bar represents the average of at least three independent transfections with duplicate determinations for each construct. Error bars represent the SD. (**e**) Target knockdown by miR-223 in GCR and AU-rich reporters with TS1, TS2 or NF1A. The GCR and AU-rich reporters were further fused with one of the miR-223 target sequence TS1, TS2 or NF1A at the 3′-end. Each reporter was transfected with fU1-miR-223, the same reporter that was transfected with fU1-miR was used as control. Each bar represents the average of at least three independent transfections with duplicate determinations for each construct. Error bars represent the SD. (**f**) Rluc mRNA stability in GCR1, GCR2 and AU-rich constructs with TS1, TS2 or NF1A. The stability was calculated as the ratio of Rluc/Fluc in reporters that were transfected with fU1-miR. Each bar represents the average of at least three independent transfections with duplicate determinations for each construct. Error bars represent the SD.

DISCUSSION
==========

Ever since the first miRNA was discovered in *C. elegan* and was found to play an essential role in the timing of worm development ([@B45],[@B46]), it is now a widely accepted concept that miRNAs are important regulatory elements in development, apoptosis, and disease generation and progression. MicroRNAs, although harboring limited base pairing with their targets, can perform important functions equivalent to those of transcription factors. In general, miRNAs silence transcripts by guiding miRISC binding to the 3′UTR of a target gene, thus disrupting translation initiation and/or progression ([@B47; @B48; @B49]). MicroRNA associated targets can also be reversibly sequestered in P-bodies ([@B25]). Alternatively, miRNAs can promote sequestering of transcripts to P-bodies for decapping, deadenylation, and degradation ([@B15],[@B50],[@B51]). MicroRNAs can also fine tune gene expression that is regulated by transcription factors. Transcription factors themselves are usually major targets of miRNAs. By targeting transcription factors, miRNAs could form gene expression regulatory circuits with transcription factors to regulate target gene expression. Therefore, the key in the study of miRNA function is to identify true targets, a task that has not been easy.

Theoretically there are hundreds of potential targets for any miRNA but only a small number of targets for all the miRNAs have thus far been identified and validated (validated targets are collected in TarBase) ([@B52]). Additional evidence supports the model that the miRNA/mRNA interaction is far more complicated than just base pairing. The local structure as well as the entire 3′UTR sequence may contribute to miRNA function ([@B28],[@B29]). RBP-binding motifs in the target transcript 3′UTR may influence miRISC function ([@B24],[@B25],[@B27]). As an example from the GCR sequence tested in this study, one seed sequence interaction site only leads to about 10% repression of the expression from the target transcript. Therefore, to achieve 50% or more repression of non-AU-rich 3′UTRs, it may require several target sites to achieve such a level of repression. In contrast, only one or two target sites in an AU-rich 3′UTR may be enough to allow significant miRNA mediated inhibition of translation.

It is now a standard practice in miRNA functional studies to use reporters with the target 3′UTR and reporters with mutated seed sequences to validate the direct interaction between miRNAs and target mRNAs. Our results imply that it is important to use the FL 3′UTR instead of a short MRE to perform these tests ([@B36]). As we have demonstrated, isolated, short MREs may give misleading results. A recent paper by Lal *et al.* reported miR-24 targeting of E2F2, MYC, and other cell-cycle genes via binding to 'seedless' 3′UTR MREs, further supporting the importance of using FL 3′UTRs for reporter assays ([@B53]). In our opinion, the number of true or functionally effective direct targets for a single miRNA maybe much lower, perhaps a small fraction of the estimated 200 average targets for any miRNA ([@B16]). A combination of five to six miRNAs targeting the same UTR may be required for optimal miRNA function.

In our tests, the AU-rich sequence is not limited to the TTP-binding motif. Therefore, we do not believe that miR-16 has the same role as reported before: TTP interacts with Ago/eiF2C family members to complex with miR16, and assists in the targeting of ARE-containing RNAs ([@B54]). In addition to the AU-rich sequence making the tertiary structure more accessible for miRISC, ARE-binding proteins (ARE-BP) may bind to AU-rich regions and affect the repression efficiency of downstream MREs. One possible explanation is that ARE-BPs bind to AREs \[classification of AREs is reviewed in ref. ([@B43])\] and activate miRISC targeted mRNAs for deadenylation, decapping or 3′- to 5′-exonucleolytic decay ([@B55],[@B56]). A possible explanation for why the AU-rich sequence must be placed before the MRE is that the uridines may play a role in the miRNA-mediated repression. It has been shown that miRNA-directed cleavage products have short uridine tails, which are added downstream of the cleavage sites, and the 3′ uridine addition is correlated with decapping and 5′ shortening of the cleaved products ([@B57]). It has also been reported in a cell-free system that a poly(U) tail enhances 'decapping' by binding to the LSM protein complex, which associates with decapping factors ([@B58],[@B59]). The recently discovered poly(U) polymerases (PUPs) make the addition of poly(U) an interesting possible regulator of mRNA stability ([@B60; @B61; @B62]). The CPE sequence's role in our test is not very clear since the CPE and rCPE performed approximately the same. Recently, a set of rules that can be used to predict the translational behavior of the CPE/CPEB was published. The number and relative position of CPEs and Pumilio-binding elements (PBE), with respect to the AAUAAA, defined a combined code for whether CPEB will repress or activate translation ([@B63]). It has been proposed that CPEB could play a role in miRNA-mediated repression ([@B44]). MicroRNAs can also upregulate translation when AGO2 and FXR1 form an activation complex at AREs in quiescent cells ([@B27]). CPEB may be a perfect candidate to form a complex with AGOs that can switch repression to activation, or vice versa. The number and relative positions of MRE, CPE, PBE, ARE, HEX, and their roles in translation need to be addressed in future experiments. Class III AREs have also been reported to up-regulate translation in reporters fused with the c-jun 3′UTR in cycling cells ([@B64]). It is not yet known whether this is miRNA-mediated.

Our results could possibly provide some insights as to why miRNAs primarily target the 3′UTR or why the 3′UTR performs the regulatory role. It has been reported by Cora et al. that 'A's and 'U's are more enriched in human and mouse 3′UTRs than in 5′UTRs or coding sequences, with 27% 'A', 22% 'G' or 'C', and 29% 'U' in Human, and 26.4% 'A', 22.4% 'C', 22.5% 'G', and 28.7% 'U' in mouse ([@B65]). In the same report, the authors also identified 45 regulatory elements. Among them, 13 were poly(A) signals, 3 were AREs and 6 were CPEs. So, besides poly(A) signals, 25% of the remaining regulatory elements are AREs or CPEs. A separate *in silico* study by Yoon et al. showed a large portion of over-represented sequences located in 3′UTRs contain the sequence motifs AUUUA and UAUUUAU, the two basic core sequences of AREs ([@B66]). A separate study conducted by Robins et al. showed ∼75% of miRNA targets are in the AU-rich 3′UTR population and genes with AU-rich 3′UTRs are preferentially associated with transcription and translation events ([@B34]).

In conclusion, our results demonstrate that RhoB is a *bona fide* target for miR223. In addition the data presented support a general mechanism in which miRNAs may selectively target distinct populations of transcripts harboring AU rich elements in the appropriate polarity to the miRNA-binding site, perhaps in concert with proteins which bind to AU--rich sequences in the 3′UTR.
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